Introduction
The coordination chemistry of polynuclear copper(II) complexes with bridging N 2 O-donor ligands continues to be actively investigated because of their relevance to a number of areas of importance, including bioinorganic modeling chemistry (Solomon et al., 1996) , magnetic properties of polynuclear species (Gatteschi & Sessoli, 2003) , catalysis (Kirillov et al., 2005; Tsai et al., 2014) , and coordination polymers (Kirillov et al., 2008) . Polynuclear complexes containing bridging carboxylate groups are also of current interest due to their biological relevance in many biochemical systems involving mono-and polymetallic active sites (Pecoraro, 1992; Wieghardt, 1989) . A particular case is the use of copper complexes which contain very similar coordination ligands (Schiff base derivatives composed of a salicylaldehyde combined with N,N 0 -dimethylethane-1,2-diamine) as active catalysts for the copolymerization of cyclohexene oxide (CHO) and CO 2 without cocatalysts (Tsai et al., 2014) . Several of these complexes performed satisfactorily to produce polycarbonates with controllable molecular weights and many carbonate linkages.
One system of great interest is galactose oxidase, which is a copper-containing fungal enzyme that catalyzes the oxidation of primary alcohols to their corresponding aldehydes along with the reduction of dioxygen to hydrogen peroxide (Amaral ISSN 2053 -2296 # 2019 International Union of Crystallography et al., 1963; Whittaker, 1994) . The crystal structure of the inactive Cu II form of galactose oxidase (Ito et al., 1991 (Ito et al., , 1994 shows that the enzyme contains a Cu atom bound to two histidine N atoms, two tyrosine O atoms and a water molecule in a distorted square-pyramidal environment at the active site of the enzyme.
The use of mass spectrometry has been reported in a study of the oxidation of d-galactose (Gal) by Cu II complexes of a series of tridentate Schiff base ligands in alcohol/NaOH solutions (Butcher et al., 2014) . The change in the color of the solutions from blue-green to yellow and the appearance of a negative-ion electrospray mass spectral peak at m/z = 195 [Oxidized Gal + OH] showed that the copper complexes had oxidized the galactose while being reduced to a Cu I species.
Compounds of the formula CuLX, where L is a tridentate Schiff base ligand formed by the reaction of salicylaldehyde and an amine, NH 2 (CH 2 ) n NR 2 , where n = 2 or 3, R = CH 3 or C 2 H 5 , and X is benzoic acid (for 1), phenylacetic acid (for 2), or 2-methylbenzoic acid (for 3), have been synthesized and tested for their activity, c. There have been previous reports of similar copper complexes with carboxylic acids, but in no cases were these complexes tested for their activity in the oxidation of d-galactose (Bhowmik et al., 2013 (Bhowmik et al., , 2014 (Rigaku OD, 2018) , SHELXT (Sheldrick, 2015a) , SHELXL2018 (Sheldrick, 2015b) and SHELXTL (Sheldrick, 2008) . Wang & You, 2007; Xanthopoulos et al., 1992 Xanthopoulos et al., , 1993a Xanthopoulos et al., ,b,c, 2002 , although very similar compounds have been shown to be active as efficient catalysts for the copolymerization of carbon dioxide and cyclohexene oxide (Tsai et al., 2014) . The reactions of these compounds with d-galactose in CH 3 CN/NaOH solutions were investigated using electrospray mass spectrometry.
Experimental
All reagents were purchased from commercial sources and were used as supplied. UV-Vis spectra in the range 400-900 nm were obtained using a Shimadzu UV-2401 spectrophotometer. Solid-state spectra were measured as Nujol mulls on filter paper. ESI mass spectra were obtained using a Micromass VG quattro-2 quadrupole mass spectrometer (Altringham, UK), utilizing a Z-spray ion source. The solutions used for mass spectral measurements contained 0.005 M solutions of the copper compounds in 50:50 CH 3 CN/H 2 O and 50:50 CH 3 CN/0.01 M NaOH.
Synthesis and crystallization
Salicylaldehyde (0.025 mol) was refluxed with the appropriate amine (0.025 mol) in methanol (50 ml) for 30 min. After cooling to room temperature, triethylamine (2.5 ml) was added to the solution. A solution of Cu(acidate) 2 ÁH 2 O (0.025 mol) [acidate = benzoate, 2-methylbenzoate or phenylacetate] dissolved in methanol (200 ml) was added to the Schiff base solution and the resulting solution was refluxed for 30 min. The solutions were filtered and the products were allowed to crystallize slowly from the solutions (in all three cases, this resulted in X-ray-quality crystals). Yields of about 60% were obtained for all samples.
Refinement
Crystal data, data collection, and structure refinement details are summarized in Table 1 . In each case, the H atoms were refined with C-H distances varying from 0.95 to 0.99 Å and atomic displacement parameters of 1.2U eq (C) or 1.5U eq (CH 3 ). In 1, the water H atoms were refined isotropically, while for 3, the perchlorate O atoms were disordered and modelled with two equivalent conformations having occupancies of 0.64 (3) and 0.36 (3).
Results and discussion

Spectra
In the UV-Vis spectra of the three complexes, the benzoate (in 1), phenylacetate (in 2) and o-toluate dimer (in 3) have broad peaks (620, 615 and 720 nm, respectively) in the visible region of the spectra, which is consistent with the presence of five-coordinate copper(II). The longer wavelength seen for 3 indicates the presence a weaker ligand field for this compound.
Mass spectra
The positive-and negative-ion mass spectra of the three compounds with d-galactose (Gal) were run in CH 3 CN/H 2 O solutions ( Table 2) . The data indicates the following dissociation:
The main peaks in the positive-ion mass spectra are The molecular structure of 1, showing the atom labeling. Displacement ellipsoids are drawn at the 30% probability level. Table 2 Positive-and negative-ion electrospray mass spectra of CuLX plus d-galactose (Gal) in CH 3 CN/H 2 O solution.
The mass spectral peaks (m/z) for CuL + and X À appear for each compound. These data indicate the dissociation scheme implied by the peak assignments. In the negative-ion mass spectra where the ratio of CuLX to Gal is 2:1, the two main peaks are [Oxidized Gal + OH] À (m/z = 195) and X À (for benzoate, m/z = 121, and for o-toluate and phenylacetate, m/z = 135). When the amount of Gal relative to CuLX is increased, the mass spectral data indicates the presence of both Gal (m/z = 179) and its oxidized product (m/z = 195) . This suggests that, unlike the enzyme galactose oxidase, this reaction is not catalytic, as would have been expected due to the precipitation of Cu 2 O.
Structural results
The structural results for the three compounds will first be discussed individually and then comparisons made. The first structure, i.e. 1, consists of a five-coordinate (4 + 1) copper complex, together with two water solvent molecules (Fig. 1) . The coordination sphere of the Cu atom is made up of a tridentate Schiff base ligand resulting from the condensation of N,N-diethylethane-1,2-diamine and salicylaldehyde, as well as a benzoate anion coordinating in an asymmetric bidentate mode, resulting in a square-pyramidal five-coordinate complex ( = 0.0932; Addison et al., 1984) Similarly, the Cu-N(imine) bond length is significantly shorter than the Cu-N(amine) bond length, as is commonly found in such complexes (Egekenze et al., 2018) . The apical Cu-O bond length is 2.7360 (6) Å and the plane of the carboxylate group is almost perpendicular to the squareplanar basal plane [dihedral angle between planes = 82.73 (4) ].
The structure of 2 is similar to that of 1, with the major difference being the substitution of a phenylacetate anion for the benzoate anion. The resulting structure is a square-pyramidal ( = 0.0888; Addison et al., 1984) five-coordinate (4 + 1) copper complex containing the same tridentate Schiff base ligand as 1, with the phenylacetate anion coordinating in an asymmetric bidentate fashion (Fig. 2) . The basal plane consists of atoms O1, N1 and N2 of the Schiff base and atom O2 of phenylacetate [the r.m.s. deviation of the atoms is 0.180 Å and the Cu atom is displaced by 0.0510 (1) Å from the basal plane]. The Cu-O and Cu-N bond lengths in the basal plane are 1.909 (2)/1.957 (2) and 1.923 (2)/2.068 (2) Å , respectively, and show similar trends as discussed for 1. The apical Cu-O bond length is 2.604 (2) Å and the plane of the carboxylate group is almost perpendicular to the square-planar basal plane [dihedral angle between planes = 82.95 (17) ].
The structures The molecular structure of 2, showing the atom labeling. Displacement ellipsoids are drawn at the 30% probability level.
Figure 3
The cation in 3, showing the atom labeling. Displacement ellipsoids are drawn at the 30% probability level.
IKAXEZ (Bhowmik et al., 2014) , LECCAX (Xanthopoulos et al., 1993b) , LOJXEN (Yin et al., 1998) , NESYAO and NESYES (Gö nü l et al., 2018) , PIFHUH (Xanthopoulos et al., 1993c) , WOGSOB (Lin et al., 2008) and XICGUM (Wang & You, 2007) have the closest similarity in that they are discrete mononuclear complexes. The metrical parameters in these complexes are similar to those found in 1 and 2, and the carboxylate group is usually coordinated in a similar asymmetrical fashion with one longer and one shorter Cu-O bond length.
The structure of 3 consists of a dimeric bis[-(E)-2-({[3-(diethylamino)propyl]imino}methyl)phenolato](-2-methylbenzoato)copper(II) cation and a perchlorate anion. In the cation, the ligands are an anionic Schiff base resulting from the condensation of N,N-dimethylpropane-1,3-diamine with salicyladehyde, as well as the anion of 3-methylbenzoic acid. Each Schiff base bridges both Cu 2+ ions in a -O:O-fashion, while the 2-methylbenzoate anion bridges both Cu 2+ ions in a -O:O 0 -fashion (Fig. 3) . The perchlorate anion is disordered over two orientations sharing a common central Cl atom, with occupancies of 0.64 (4) and 0.36 (4). Both Cu atoms are in a distorted square-pyramidal five-coordinate geometry, with Cu2 being significantly more distorted than Cu1 ( = 0.142 for Cu1 and 0.248 for Cu2; Addison et al., 1984) , and with a Cu1Á Á ÁCu2 separation of 3.0155 (3) Å . For Cu1, the basal plane consists of atoms N1, N2 and O1 of the Schiff base and atom O3 of the 2-methylbenzoate anion, with O2 from the other Schiff base being the apical donor [the r.m.s. deviation of the fitted atoms of the basal plane is 0.0545 Å and atom Cu1 is displaced by 0.1812 (8) Å from this plane], while for Cu2, with a greater distortion from square-planar geometry, the basal plane consists of atoms N3, N4 and O2 of the Schiff base and atom O4 of the 2-methylbenzoate anion, with O1 from the other Schiff base being the apical donor [the r.m.s. deviation of the fitted atoms of the basal plane is 0.1258 Å and atom Cu2 is displaced by 0.2321 (9) Å from this plane]. For the two squarepyramidal fragments, the Cu-O apical distances are 2.2935 (13) and 2.3053 (14) Å . These distances are much shorter and less asymmetric than those observed in the two monomeric square-pyramidal complexes already discussed. However, they are considerably longer than the average Cu-O distance observed for benzoate derivatives bridging two Cu atoms, such that each Cu atom is only attached to one of the two carboxylate O atoms and each O atom is only attached to Table 3 Hydrogen-bond geometry (Å , ) for (2). Symmetry codes: (i) x; y À 1; z; (ii) Àx þ 1; Ày þ 1; z þ 1 2 .
Figure 4
Packing diagram for 1, viewed along the c axis, showing thestacking and O-HÁ Á ÁO hydrogen bonding (indicated by dashed bonds) involving the water molecules. Table 4 Hydrogen-bond geometry (Å , ) for 3. 
Figure 5
Packing diagram for 2, viewed along the b axis, showing the C-HÁ Á ÁO interactions (indicated by dashed bonds) linking the molecules into a zigzag ribbon in the c direction.
a single Cu atom [4330 observations with average Cu-O distances of 1.97 (4) and 1.98 (5) Å ] A search of the CSD for dinuclear copper complexes containing similar Schiff bases with a -O:O 0 -carboxylate coordination gave a number of hits [CSD refcodes PIBXOU (Chiari et al. 1993) , CESTAW (You et al., 2006) , KEZCUO (Dey et al., 2007) , PIZTUP (Tsai et al., 2014) , TIFVIP (Bhowmik et al., 2013) , and VALCEQ (Biswas et al., 2010) ] and, in each example, the metrical parameters for the Cu coordination spheres are very similar to those observed in the title complexes.
In assessing the relevance of these compounds as potential catalysts, it should be noted that, in each case, these structures contain a five-coordinated Cu centre in a slightly distorted square-pyramidal geometry ( = 0.0932 for 1, 0.0888 for 2, and 0.142 and 0.248 for 3) and thus each has a potentially accessible site for catalytic activity. The closest intermolecular contacts involving the Cu atom are 3.717 Å to C5 at (Àx + 1, Ày + 1, Àz + 1) for 1, 3.243 Å to H8B at (x, y + 1, z) for 2, and 3.721 Å to H8B at (x À 1 2 , y, Àz + 1 2 ) and 4.087 Å to H23C at (Àx + 1, Ày + 2, z) for 3, thus showing how available these sites are.
Supramolecular results
In 1, there are two H 2 O solvent molecules which are involved in both hydrogen bonding to both each other and atoms O2 and O3 (Table 3) , forming a chain in the b direction, as shown in Fig. 4 . The complex is involved instacking interactions between the Cu/O1/C1/C6/C7/N1 chelate ring (Cg1) and the arene ring of an adjoining molecule [Cg1Á Á ÁCg2 = 3.6826 (4) Å , CgÁ Á Áperpendicular distances = 3.1948 (2) and 3.2573 (3) Å , and slippage = 1.718 Å ; Cg2 is the centroid of the C1-C6 ring; symmetry code on Cg2: Àx + 1, Ày + 1, Àz + 1]. Interestingly, this interaction between molecules is on the opposite side of the vacant sixth coordination sites of the two Cu atoms involved and this does not hinder access to this site.
In 2, the packing diagram shows that the molecules are linked into zigzag chains in the c direction by C-HÁ Á ÁO interactions (Table 4 and Fig. 5 ). There are noor C-HÁ Á Á interactions.
For 3, there are noor C-HÁ Á Á interactions and the central O atoms (O1-O4) are sterically hindered from participating in C-HÁ Á ÁO interactions. Thus, the only interactions affecting the packing involve weak C-HÁ Á ÁO interactions involving the O11A/O12A/O13A perchlorate anion, which link the cations and anions into a complex three-dimensional array, as seen in the packing diagram ( Fig. 6 ).
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Computing details
For all structures, data collection: CrysAlis PRO (Rigaku OD, 2018) ; cell refinement: CrysAlis PRO (Rigaku OD, 2018) ; data reduction: CrysAlis PRO (Rigaku OD, 2018) ; program(s) used to solve structure: SHELXT (Sheldrick, 2015a); program(s) used to refine structure: SHELXL2018 (Sheldrick, 2015b); molecular graphics: SHELXTL (Sheldrick, 2008) ; software used to prepare material for publication: SHELXTL (Sheldrick, 2008) .
(Benzoato-κ 2 O,O′)[(E)-2-({[2-(diethylamino)ethyl]imino}methyl)phenolato-κ 3 N,N′,O]copper(II) dihydrate (1)
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
0.52308 (7) 0.83109 (7) 0.28425 (4) 0.02636 (13) (7) 0.85663 (7) 0.35854 (4) 0.01419 (10) C15 0.17491 (7) 0.93920 (7) 0.29497 (4) 0.01484 (11) (7) C18-C17-C16 119.82 (9) C5-C6-C7 116.04 (7) C18-C17-H17A 120.1 C1-C6-C7 123.53 (6) C16-C17-H17A 120.1 N1-C7-C6 124.89 (6) C17-C18-C19 120.08 (8) N1-C7-H7A 117.6 C17-C18-H18A 120.0 C6-C7-H7A 117.6 C19-C18-H18A 120.0 N1-C8-C9 105.33 (6) C18-C19-C20 120.04 (9) N1-C8-H8A 110.7 C18-C19-H19A 120.0 C9-C8-H8A 110.7 C20-C19-H19A 120.0 N1-C8-H8B 110.7 C19-C20-C15 120.23 (8) C9-C8-H8B 110.7 C19-C20-H20A 119.9 H8A-C8-H8B 108.8 C15-C20-H20A 119.9
Cu-O1-C1-C2 167.40 (5) C12-N2-C10-C11 69.58 (9) Cu-O1-C1-C6 −12.80 (10) C9-N2-C10-C11 −54.64 (9) O1-C1-C2-C3 179.39 (8) Cu-N2-C10-C11 −169.73 (6) C6-C1-C2-C3 −0.42 (11) C9-N2-C12-C13 −71.87 (8) C1-C2-C3-C4 −1.45 (13) C10-N2-C12-C13 163.45 (7) C2-C3-C4-C5 1.69 (13) Cu-N2-C12-C13 45.36 (8) C3-C4-C5-C6 −0.04 (12) Cu-O3-C14-O2 −0.92 (6) C4-C5-C6-C1 −1.84 (11) Cu-O3-C14-C15 176.22 (6) C4-C5-C6-C7 177.93 (7) Cu-O2-C14-O3 1.32 (9) O1-C1-C6-C5 −177.78 (7) Cu-O2-C14-C15 −175.93 (5) supporting information sup-6
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C2-C1-C6-C5 2.02 (10) O3-C14-C15-C20 179.00 (7) O1-C1-C6-C7 2.47 (11) O2-C14-C15-C20 −3.67 (10) C2-C1-C6-C7 −177.73 (7) O3-C14-C15-C16 −3.00 (10) C8-N1-C7-C6 174.37 (7) O2-C14-C15-C16 174.33 (7) Cu-N1-C7-C6 1.60 (11) C20-C15-C16-C17 1.29 (11) C5-C6-C7-N1 −176.20 (7) C14-C15-C16-C17 −176.75 (7) C1-C6-C7-N1 3.56 (11) C15-C16-C17-C18 −0.21 (13) C7-N1-C8-C9 −133.03 (7) C16-C17-C18-C19 −0.57 (13) Cu-N1-C8-C9 40.63 (7) C17-C18-C19-C20 0.26 (13) C12-N2-C9-C8 159.78 (6) C18-C19-C20-C15 0.83 (12) C10-N2-C9-C8 −75.90 (7) C16-C15-C20-C19 −1.60 (11) Cu-N2-C9-C8 39.55 (7) C14-C15-C20-C19 176.42 (7) -κ 3 N,N′,O](2-phenylacetato-κ 2 O,O′) 
[(E)-2-({[2-(Diethylamino)ethyl]imino}methyl)phenolato
Special details
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq Cu 0.50251 (2) 0.67151 (4) 0.58234 (5) 0.01478 (6) (17) O1 0.0152 (9) 0.0202 (10) 0.0257 (11) 0.0031 (7) 0.0032 (8) 0.0053 (8) O2 0.0156 (8) 0.0208 (10) 0.0191 (11) 0.0012 (7) −0.0011 (7) 0.0018 (7) O3 0.0217 (10) 0.0242 (11) 0.0197 (11) 0.0051 (8) 0.0012 (8) −0.0013 (8) N1
0.0176 (9) 0.0150 (9) 0.0214 (14) −0.0002 (7) 0.0000 (9) 0.0003 (9) N2 0.0165 (10) 0.0200 (11) 0.0165 (11) −0.0005 (8) 0.0008 (8) 0.0026 (9) C1 0.0169 (12) 0.0184 (12) 0.0148 (12) 0.0005 (9) −0.0008 (9) 0.0001 (9) C2 0.0173 (12) 0.0192 (13) 0.0192 (13) 0.0007 (10) 0.0010 (9) 0.0000 (10) where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max = 0.001 Δρ max = 1.13 e Å −3 Δρ min = −1.10 e Å −3 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) Cu1 0.02042 (9) 0.01657 (9) 0.01815 (8) −0.00045 (7) −0.00320 (7) −0.00008 (7) Cu2 0.01951 (9) 0.01557 (9) 0.02365 (10) 0.00206 (7) −0.00306 (7) −0.00206 (7) 0.0208 (7) 0.0238 (9) 0.0282 (8) −0.0026 (6) 0.0001 (6) −0.0037 (7) C16 0.0192 (7) 0.0260 (9) 0.0367 (10) −0.0003 (6) −0.0047 (7) −0.0010 (7) supporting information sup-15
Acta Cryst. (2019). C75 C17 0.0221 (7) 0.0228 (9) 0.0380 (10) 0.0017 (6) −0.0064 (7) 0.0031 (7) C18 0.0199 (7) 0.0188 (8) 0.0261 (8) 0.0016 (5) −0.0033 (6) 0.0013 (6) C19 0.0231 (7) 0.0173 (8) 0.0336 (9) 0.0034 (6) −0.0028 (6) 0.0025 (7) (14) C25 0.0232 (7) 0.0175 (7) 0.0221 (7) 0.0004 (5) −0.0037 (6) 0.0010 (6) C26 0.0249 (7) 0.0184 (8) 0.0227 (7) −0.0014 (6) −0.0050 (6) 0.0029 (6) C27 0.0275 (8) 0.0199 (8) 0.0303 (9) 0.0012 (6) −0.0056 (7) 0.0012 (7) C28 0.0336 (10) 0.0224 (9) 0.0440 (12) 0.0036 (7) −0.0117 (9) 0.0037 (8) C29 0.0462 (12) 0.0262 (11) 0.0439 (12) 0.0001 (9) −0.0183 (10) 0.0131 (9) C30 0.0474 (12) 0.0314 (11) 0.0287 (10) −0.0057 (9) −0.0092 (9) 0.0105 (8) C31 0.0333 (9) 0.0251 (9) 0.0249 (8) −0.0049 (7) −0.0045 (7) 0.0045 (7) C32 0.0481 (13) 0.0394 (13) 0.0277 (10) 0.0012 (10) 0.0058 (9) 0.0043 (9) (11) 0.007 (4) 0.008 (5) 0.019 (7) O13B 0.042 (4) 0.050 (6) 0.066 (7) 0.020 (4) −0.016 (4) 0.025 (5) O14B 0.135 (12) 0.036 (6) 0.033 (4) −0.032 (7) −0.001 (6) −0.010 (3) Geometric parameters (Å, º) 
